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Abstract: In the present study, first, the intramolecular proton transfer (IPT) 
process of juglone and its derivatives were theoretically investigated in the gas 
phase and the effect of electron-withdrawing and electron-releasing substi-
tuents in different positions of the phenyl and benzoquinone rings of juglone on 
the IPT process was studied in which the geometries, energies and thermody-
namic functions of the compounds were obtained using density functional 
theory (DFT) calculations at the B3LYP/6-31+G(2d,p) level. Next, the influ-
ence of IPT on changing the aromaticity of the phenyl and benzoquinone rings 
was investigated. To determine the aromaticity of the rings, nuclear indepen-
dent chemical shift (NICS) values were calculated for the ground state and 
transition state structures (GS1, TS and GS2) using the continues set of gauge 
transformations (CSGT) procedure at the B3LYP/6-311+G(2d,p) level.  
Keywords: juglone; NICS; aromaticity; intramolecular proton transfer; DFT. 
INTRODUCTION 
1,4-Naphthoquinones are widely distributed in plants, fungi and some ani-
mals1 and many are found to exhibit an interesting range of pharmacological pro-
perties, including antibacterial,2,3 antimicrobial,4 antiviral,5 trypanocidal,6 anti-
cancer,7 antimalarial,8,9 and antifungal10 activities, especially when a hydroxyl 
group is present at the C5 position.11 Juglone is a quinone produced in the roots, 
leaves and bark of walnut trees.12,13 It contains an intramolecular hydrogen bond 
(IAHB) between hydroxyl and keto groups. The IAHB can be formed between 
donor and acceptor groups of the same molecule when the molecular configu-
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ration and conformation bring them within hydrogen bond geometry. Studies on 
IAHB became increasingly popular in the past14,15 and hydrogen bonding com-
plexes have been extensively studied with a wide range of experimental tech-
niques and calculations.16,17 One of the most significant structures capable of 
bearing hydrogen bond is the O–H···O unit which is studied in this paper. Some-
times, an IAHB decisively influences the stability of molecular conformations 
and favors tautomerization via an intramolecular proton transfer (IPT) process. In 
juglone as well, a hydrogen atom can transfer from hydroxyl to a keto group via 
the IPT process. IPT reactions are among the most important processes that occur 
in chemistry and biology.18,19 Juglone is a natural ligand and many complexes 
can be formed via IPT reactions. Therefore juglone and its analogues can act as 
absorbent or carrier of metal ions and amino acids in biologic systems. Substi-
tuent effects are among the most important concepts of structural effects influ-
encing the chemical, physico-chemical, and biochemical properties of chemical 
species.20 
Juglone is an aromatic organic compound and aromaticity is one of the most 
characteristic phenomena associated strongly with a cyclic π-electron delocali-
zation.20 Aromaticity fundamentally characterizes the molecular structure, phy-
sical properties and chemical reactivity from both thermodynamic and kinetic 
standpoints,21,22 which is used as a powerful predictive tool for compounds 
which had not been prepared previously. Aromaticity seems to be significant in 
any logical application of organic chemistry. However, a more detailed investi-
gation of aromatic molecules requires a quantitative estimation of the degree of 
aromaticity of cyclic conjugated systems. There are several criteria used fre-
quently for a compound to be considered aromatic, i.e., stability of cyclic π-sys-
tem, near planarity, bond length equalization, delocalized π-electrons satisfying 
the Hückel (4n+2) electron counting rule and unusual magnetic properties, such 
as magnetic susceptibilities.23,24 π-Electron delocalization, is a concept that co-
vers various structural situations, is a fundamental concept in the definition of 
aromaticity.20 Aromaticity is a quantity which cannot be directly measured. 
Therefore, its magnitude is evaluated in terms of a few criteria, such as structural, 
energetic and magnetic ones. However, magnetic properties have the closest rela-
tionship to aromaticity, since they are directly dependent on the induced ring cur-
rents associated with cyclic electron delocalization. There are several methods for 
evaluating the magnetic aromaticity,25,26 such as NMR,27–29 exaltation of mag-
netic susceptibilities,29–31 nucleus independent chemical shifts (NICS),26,32–34 
ring current density plots,35–37 and aromatic ring current shieldings (ARCS).38 
NICS which was proposed by Schleyer et al.,32 was found to be an easy com-
puted and generally applicable criterion and has been widely used to evaluate the 
aromaticity and anti-aromaticity of rings,39,40 clusters,41,42 transition states,43,44 
and transition metal complexes.45 
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Some new theoretical46,47 and experimental48,49 studies have been made on 
juglone. In the present work, a theoretical study of the IPT process of juglone and 
its derivatives was realized. Several derivatives of juglone were supposed by pla-
cing electron-withdrawing (EW) and electron-releasing (ER) substituents at dif-
ferent positions of phenyl and benzoquinone rings and the effect of substituents 
on the IPT process was investigated. Next, the influence of IPT on the change of 
the aromaticity of the phenyl and benzoquinone rings was investigated using 
magnetic aromaticity indices. 
COMPUTATIONAL DETAILS 
Density functional theory (DFT) calculation of juglone and its derivatives was conducted 
in which geometries, energies and thermodynamic functions ΔG , ΔH  and S 298 values for 
all structures were calculated at the B3LYP/6-31+G (2d,p) level. The intramolecular proton 
transfer (IPT) process was performed by ADDREDUNDANT keyword by scanning a proton 
at the B3LYP/6-31+G (2d,p) level to reach a final optimization. QST2 keyword was used to 
investigate the transition state structures between the primitive (GS1) and final (GS2) struc-
tures. The magnetic shielding at the center of a ring system was determined by calculating the 
chemical shift of “ghost” atoms. By convention, the NICS value is the negative of computed 
isotropic shielding value. Large negative values indicate aromaticity while large positive va-
lues represent anti-aromaticity, and near-zero values introduce non-aromaticity. To obtain a 
measure of the aromaticity in juglone rings, NICS values were calculated at two points as 
illustrated in Fig. 1. 
 
Fig. 1. Definition of the points at which the NICS values were 
calculated. 
NICS calculations were performed at 1 Å above the centre of the α- and β-rings for all 
systems at the B3LYP/6-311+G (2d,p) level and NMR shielding tensors were computed with 
the continuous set of gauge transformations (CSGT) method. All computations were realized 
using the Gaussian 98W program package.50 Data in this article extracted among more than 
300 Gaussian program output files. 
RESULTS AND DISCUSSION 
Geometries and barrier energies 
All structures (MM and JG1–JG20) included in this study are shown in Fig. 
2. Taking juglone MM as the mother molecule, the other structures (JG1–JG20) 
can be obtained by placing –OMe, –Br, –Cl and –NO2 substituents at different 
ring positions of MM. The geometry calculations showed all frameworks are 
almost planar structures. The average bond lengths and bond angles of MM and 
its analogues related to the six-membered ring which formed via IPT are given in 
Table I. The length of the H-bond in the ground state (GS1) is up to 2 Å; there-
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fore, strong hydrogen bonds exist in all MM derivatives. During the IPT process, 
the average interatomic distance between the donor oxygen (O5) and H6 in-
creased while the distance between the acceptor oxygen (O1) and H6 decreased. 
In addition, the O1–C2 and C3–C4 bonds lengthened, whereas the C2–C3 and 
C4–O5 bonds shortened (Table I). 
Fig. 2. Juglone and its derivatives studied in 
this work, together with the atom num-
bering. 
In continuation, the IPT of juglone and its derivatives was studied to understand 
the effect of the location of ER and EW substituents on the IPT process. Since 
juglone and its derivatives are analogous, their reaction paths are similar. The 
values of the energy and some thermodynamic functions related to the GS1, TS 
and GS2 structures are filed in Table II. The barrier energies (Erel, kcal mol–1)* 
                                                                                                                    
* kJ = 4.1868 kcal 
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of the IPT of the phenolic hydrogen to the carbonyl group for all structures (MM 
and JG1–JG20) are depicted in Fig. 3. Some substituents at particular positions 
facilitate the IPT process (when the Erel value is less than that of mother mole-
cule MM); however, some others make the progress of the process more arduous 
(having an Erel value greater than that of MM). Two ways are suggested to inter-
pret the effect of substituents on the IPT: 
i) locating a particular substituent in different positions (R1 to R5) and its 
effect on the barrier energy; as an example, on placing –NO2 at R1 to R5, the ac-
tivation barriers (Erel) of the IPT increase in the order of R3 (17.69 kcal mol–1) <  
< R4 (19.08 kcal mol–1) < R2 (19.33 kcal mol–1) < R5 (20.75 kcal mol–1) < R1 
(22.63 kcal mol–1). According to the Erel of MM (18.28 kcal mol–1), it can be 
concluded that substituting a nitro group at the R3 position facilitates the IPT, 
while placing it at the other positions, especially at R1, impedes the reaction. The 
large effects of substituents at R1 and R5 on proton transfer could be related to 
these substituents neighboring the IPT center, which increases the sensitivity of 
the IPT to substituents at R1 and R5. The influence of substituents located at the 
other positions can be easily understood according to Fig. 3. 
TABLE I. Average bond lengths (Å) and bond angles (degree) in juglone and its derivatives, 
shown in Fig. 2 
Bond 
State 
GS1 TS GS2 
Bond length, r / Å 
O1–C2  1.117 1.259 1.285 
C2–C3  1.476 1.230 1.370 
C3–C4  1.395 1.421 1.457 
C4–O5  1.322 1.258 1.222 
O5–H6  0.956 1.290 1.490 
H6–O1  1.421 1.175 1.406 
Bond angle, θ / ° 
O1–C2–C3  102.2 104.6 122.9 
C2–C3–C4  122.9 120.3 120.5 
C3–C4–C5  120.0 116.5 123.2 
C4–O5–H6  123.7 120.1 104.7 
O5–H6–O1  140.7 155.3 156.9 
TABLE II. Total energies (Hartree), activation barrier energies (Erel / kcal mol-1), zero-point 
vibrational energies (ZPVE / kcal mol-1), ΔG , ΔH  and S 298 calculated at the B3LYP/6- 
-31+G(2d,p) level for all structures shown in Fig. 2 
Species State  B3LYP/6-31+G(2d,p) Erel  ZPVE G 298 – G 0H 298 – H 0  S 298 
MM GS1 –606.8297  (0.00)  93.384 –0.0345  0.0098  93.347 
  TS –606.8006  (18.28) 90.326 –0.0340  0.0093  91.200 
 GS2 –606.8049  (15.55) 88.072 –0.0332  0.0089  88.575 
 GS1 –810.3016  (0.00)  95.525 –0.0385  0.0114  106.873 
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TABLE II. Continued 
Species State  B3LYP/6-31+G(2d,p) Erel  ZPVE G 298 – G 0H 298 – H 0  S 298 
JG1  TS –810.2655  (22.63) 92.442 –0.0380  0.0109  104.989 
 GS2 –810.2703  (19.66) 95.360 –0.0385  0.0114  106.929 
 GS1 –810.2975  (0.00)  95.504 –0.0386  0.0114  107.313 
JG2  TS –810.2667  (19.33) 92.442 –0.0381  0.0111  105.133 
 GS2 –810.2728  (15.50) 95.360 –0.0384  0.0114  106.998 
 GS1 –810.2967  (0.00)  95.468 –0.0383  0.0114  106.487 
JG3  TS –810.2685  (17.69) 92.454 –0.0378  0.0108  104.469 
 GS2 –810.2724  (15.25) 95.289 –0.0385  0.0114  107.021 
 GS1 –810.3101  (0.00)  95.481 –0.0388  0.0114  107.684 
JG4  TS –810.2797  (19.08) 92.463 –0.0385  0.0016  106.107 
 GS2 –810.2842  (16.25) 95.289 –0.0128  0.0375  108.042 
 GS1 –810.3016  (0.00)  95.525 –0.0385  0.0630  106.874 
JG5  TS –810.2685  (20.75) 92.457 –0.0380  0.0118  104.948 
 GS2 –810.2784  (14.54) 95.447 –0.0384  0.0123  106.742 
 GS1 –1065.7223  (0.00)  87.038 –0.0365  0.0110  100.155 
JG6  TS –1065.6919  (19.07) 83.975 –0.0360  0.0105  97.950 
 GS2 –1065.6959  (16.57) 82.616 –0.0351  0.0100  95.138 
 GS1 –1065.7229  (0.00)  87.048 –0.0386  0.0110  100.147 
JG7  TS –1065.6934  (18.48) 83.968 –0.0381  0.0105  97.950 
 GS2 –1065.6982  (15.49) 82.561 –0.0384  0.0100  95.138 
 GS1 –1065.7134  (0.00)  86.806 –0.0371  0.0111  101.594 
JG8  TS –1065.6875  (16.25) 83.819 –0.0362  0.0106  98.512 
 GS2 –1065.6917  (13.64) 83.448 –0.0350  0.0996  94.832 
 GS1 –1065.7266  (0.00)  86.896 –0.0365  0.0110  100.130 
JG9  TS –1065.6979  (18.00) 83.847 –0.0392  0.0105  98.018 
 GS2 –1065.7026  (15.06) 82.549 –0.0362  0.0100  95.293 
 GS1 –1065.7226  (0.00)  86.988 –0.0364  0.0110  99.969 
JG10  TS –1065.6946  (17.57) 83.954 –0.0360  0.0037  97.936 
 GS2 –1065.6993  (14.62) 82.952 –0.0416  0.0105  95.398 
 GS1 –3176.3125  (0.00)  86.710 –0.0376  0.0112  102.679 
JG11  TS –3176.2823  (18.96) 83.662 –0.0370  0.0107  100.468 
 GS2 –3176.2861  (16.55) 86.577 –0.0374  0.0112  102.264 
 GS1 –3176.3127  (0.00)  86.713 –0.0376  0.0112  102.679 
JG12  TS –3176.2834  (18.41) 83.631 –0.0370  0.0104  100.482 
 GS2 –3176.2881  (15.44) 86.633 –0.0375  0.0112  102.396 
 GS1 –3176.3033  (0.00)  86.556 0.0382  0.0113  104.282 
JG13  TS –3176.2774  (16.26) 83.566 –0.0372  0.0108  101.041 
 GS2 –3176.2814  (13.73) 86.482 –0.0377  0.0112  102.977 
 GS1 –3176.3160  (0.00)  86.546 –0.0376  0.0113  102.822 
JG14  TS –3176.2871  (18.14) 83.484 –0.0371  0.0108  100.691 
 GS2 –3176.2918  (15.21) 86.498 –0.0375  0.0112  102.621 
 GS1 –3176.3131  (0.00)  86.699 –0.0375  0.0112  102.544 
JG15  TS –3176.2852  (17.49) 83.654 –0.0370  0.0108  100.527 
 GS2 –3176.2898  (14.62) 86.659 –0.0375  0.0112  102.404 
 GS1 –720.7170  (0.00)  115.329 –0.0382  0.0125  106.998 
JG16  TS –720.6871  (18.73) 112.257 –0.0376  0.0120  104.675 
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TABLE II. Continued 
Species State  B3LYP/6-31+G(2d,p) Erel  ZPVE G 298 – G 0H 298 – H 0  S 298 
JG16 GS2 –720.6911  (16.23) 110.680 –0.0354  0.0107  97.187 
 GS1 –720.7225  (0.00)  115.700 –0.0377  0.0113  105.259 
JG17  TS –720.6949  (17.31) 112.601 –0.0370  0.0108  103.064 
 GS2 –720.6980  (15.34) 110.945 –0.0353  0.0096  96.767 
 GS1 –720.7076  (0.00)  115.163 –0.0380  0.0125  106.399 
JG18  TS –720.6809  (16.78) 112.129 –0.0375  0.0120  104.319 
 GS2 –720.6861  (13.47) 110.968 –0.0350  0.0107  96.803 
 GS1 –720.7230  (0.00)  115.483 –0.0378  0.0124  105.630 
JG19  TS –720.6937  (18.43) 112.359 –0.0374  0.0119  103.956 
 GS2 –720.6972  (16.21) 110.554 –0.0354  0.0107  97.141 
 GS1 –720.7142  (0.00)  115.567 –0.0377  0.0123  105.530 
JG20  TS –720.6862  (17.53) 112.530 –0.0372  0.0118  103.237 
 GS2 –720.6924  (13.68) 115.615 –0.0160  0.0122  105.064 
 
Fig. 3. The barrier energies (Erel / kcal mol-1) for the IPT of MM and the JG1–JG20 
analogues included in this study. (R1 = square sign, R2 = triangle sign, R3 = multiplication 
sign, R4 = star sign, R5 = circle sign. MM showed by rhombic sign). 
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ii) Placing different substituents at a particular position and their influence 
on the barrier energy; For instance, locating the above-mentioned groups at the 
R5 position indicated that –OMe, –Br and –Cl groups have promoting effects on 
the IPT whereas –NO2 has retarding effects on the reaction. The strong conju-
gation of the –NO2 group with the aromatic ring with respect to other substi-
tuents leads the IPT reaction being hindered. In addition, substituting R1 with any 
group encumbers the IPT since MM has a lower Erel value than all the R1-sub-
stituted compounds (Erel: MM < JG16 < JG11 < JG6 < JG1). The highest rela-
tive barrier energy for the –NO2 group at JG1 may be attributed to the repulsion 
energy between the non-bonding electrons on the oxygen atoms of the –NO2 sub-
stituent and the –OH group, which is greater than the repulsion energy between 
the –NO2 substituent and the –CO group. By the same interpretation, substituting 
R3 with any group facilitates the IPT. 
Effect of the IPT on the NICS value of the rings 
Perturbation of the π-electron density distribution depends on the electronic 
properties of the substituents and can be studied using NICS values. Hence, NICS 
values for the GS1, TS and GS2 structures of all MM derivatives were calculated 
and are given in Table III, from which, it can be clearly seen that all structures in 
GS1 have negative NICS values in the β-ring due to the aromaticity of this ring 
and have positive ones in the α-ring because of the localized quinone ring. Fur-
thermore, by comparing the NICS values of the GS1 and GS2 structures, it was 
TABLE III. NICS(1) values (ppm) obtained using the CSGT procedure at the B3LYP/6-
-311+G(2d,p) level for the ground states and transition state structures of each species 
Substituent State 
Position 
R1 R 2 R 3 R 4 R 5 
Ring 
α  β  α  β  α  β  α  β  α  β 
–H GS1  2.0 –8.0 2.0 –8.0 2.0 –8.0 2.0 –8.0 2.0 –8.0 
TS  1.5 –5.1 1.5 –5.1 1.5 –5.1 1.5 –5.1 1.5 –5.1 
GS2  1.1 –2.3 1.1 –2.3 1.1 –2.3 1.1 –2.3 1.1 –2.3 
–NO2 GS1  1.6 –8.0 1.7 –7.9 0.7 –8.0 1.7 –8.5 1.8 –8.1 
TS  0.6 –4.7 1.6 –5.2 0.5 –5.9 1.5 –5.9 1.5 –5.5 
GS2  0.3 –2.3 0.5 –2.2 0.4 –3.1 1.0 –3.3 0.8 –3.0 
–Cl GS1  2.0 –8.2 1.9 –7.9 1.5 –7.8 2.0 –7.7 1.9 –8.1 
TS  1.4 –5.2 1.7 –5.2 0.8 –5.1 1.6 –5.1 1.6 –5.2 
GS2  0.8 –2.3 0.9 –2.3 0.6 –2.9 1.2 –2.7 1.0 –2.5 
–Br GS1  1.7 –8.2 1.8 –7.9 1.8 –7.9 1.6 –7.8 1.3 –8.1 
TS  1.4 –5.2 1.7 –5.0 1.5 –5.1 1.7 –5.0 1.6 –5.2 
GS2  0.4 –2.5 1.0 –2.3 0.8 –2.5 0.5 –3.4 0.0 –2.8 
–OMe GS1  1.7 –8.0 2.0 –7.9 3.0 –8.1 1.7 –7.4 2.0 –7.7 
TS  1.6 –5.2 1.9 –5.5 1.1 –5.3 0.9 –4.8 1.3 –5.0 
GS2  0.9 –2.3 1.4 –2.9 0.1 –1.9 1.9 –4.8 0.6 –2.0 
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found that during IPT from the β- to the α-ring, the aromatic properties and the 
π-electron delocalization in β-ring decreased, whereas the π-electron delocali-
zation in the α-ring increased for all MM analogues (Table III and Fig. 4). In 
continuation, the changing rate of the aromatic properties and the π-electron delo-
calization due to placing substituents at different positions on the rings were 
studied. Thus the, NICS value of the initial state (GS1) was subtracted from that 
of the final state (GS2), i.e., Δ(NICS) = NICS(GS2) – NICS(GS1). Analysis of the 
Δ(NICS) values for the α-ring showed that highest and lowest rates of increase in 
π-electron delocalization in this ring were with –OMe at the R3 (2.9 ppm) and R4 
(0.2 ppm) positions, respectively. The same analysis for the β-ring indicated that 
maximum and minimum rates of decrease in π-electron delocalization were with 
–OMe at the R3 (6.2 ppm) and –Br at the R4 (4.4 ppm) positions, respectively. 
 
Fig. 4. Distribution of the hanging π-electron density during IPT (shown by green circles) and 
range of NICS (1) values (ppm) in the α- and β-rings for the GS1, 
TS and GS2 structures (shown under the figure). 
CONCLUSIONS 
In the present study, intramolecular proton transfer of juglone and 20 of its 
derivatives were studied. Placing a number of groups at certain ring positions 
facilitated the IPT, whereas placing some others at specific positions impeded the 
reaction. As noticeable examples, locating –Cl and –Br groups in the R3 position 
(JG8 and JG13 analogues, respectively) resulted in a significant decrease in the 
activation barrier which effectively increased the realization of the IPT more than 
other analogues, whereas placing an –NO2 group at the R1 position (JG1 ana-
logue) remarkably increased the activation barrier, which hindered the progress 
of the reaction compared to the other derivatives. 
Analysis of the NICS values showed that all GS1 structures had negative 
NICS values in the β-ring (due to the aromaticity of the β-ring) and positive ones 
in the α-ring (because of the localized quinone ring). Furthermore, during IPT 
from the β- to the α-ring, the aromatic properties in the β-ring downgraded (due 
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to destruction of the aromatic cycle), whereas the π-electron delocalization in the 
α-ring were upgraded (because of the newly formed double bond) for all MM 
analogues. It should be noted that all derivatives showed different rates of change 
of the aromatic properties of the α- and β-rings. 
Since Juglone is a natural ligand and IPT can be a basis for formation of 
complexes, juglone and its analogues can be utilized as absorbents or carriers of 
metal ions and amino acids in biologic systems. According to the calculation re-
sults, it can be rationalized which derivates of juglone can be utilized as an ab-
sorbent (derivatives which facilitate the IPT) and which ones as a carrier (deri-
vatives which hinder the progress of the IPT) of metal ions and amino acids. 
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У раду се прво истражује интрамолекулски трансфер протона (IPT) у југлону и ње-
говим дериватима. Ова истраживања односе се на утицај електрон-привлачних и електрон- 
-одбојних супституената у различитим положајима у југлону. Проучавани су IPT процеси у 
којима  су  геометрије,  енергије  и  термодинамичке  функције  једињења  одређене  методом 
функционалне  теорије  густине (DFT), на  нивоу B3LYP/6-31+G(2d,p). Затим  је  проучаван 
утицај IPT на промену ароматичности фенил и бензохинонског прстена. За то су израчунате 
NICS-вредности прстенова, за основна и прелазна стања (GS1, TS и GS2) примењујући CSGT 
процедуру на нивоу B3LYP/6-31+G(2d,p). 
(Примљено 30. септембра 2010) 
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